ABSTRACT Tryptophan requirements of broiler males from 42 to 56 d of age were studied. Ross × Ross 308 chicks were placed in an open-sided house, and provided common starter and grower diets from 0 to 42 d of age. Subsequently, a corn, soybean meal, corn gluten meal, and gelatin combination of feedstuffs provided 0.12% Trp to which 0.04% increments of L-Trp were supplemented at the expense of an isonitrogenous amount of L-Glu to 0.24%. Birds that received diets containing 0.12% Trp exhibited aberrant behavior based on the spillage of considerable amounts of feed from the trough and contamination of adjacent waterers with floor litter. There were reductions in body weight gain, feed conversion, and carcass and breast fillets weights and yields with dietary Trp at 0.12%, but these were not affected at Trp
INTRODUCTION
Tryptophan is an essential amino acid in poultry, and is required for a wide variety of metabolic activities. Because its concentration in organisms is among the lowest of all amino acids, it can easily play a rate-limiting role in protein synthesis. It is known to affect the behavioral status of birds (Shea et al., 1991; Mench and Shea-Moore, 1995) through the synthesis of important neurotransmitters such as serotonin; in some cases it can gravely depress feed intake in chickens (Lacy et al., 1982) . Tryptophan is present at high concentration in membrane proteins (Schiffer et al., 1992) , and it can efficiently replace niacin demand by broiler chickens .
Estimating Trp dietary adequacy has been more complex than recognizing its physiological importance. Because of the multiple consequences of Trp inadequacy, early feeding phase recommendations for dietary Trp 2005 Poultry Science Association, Inc. Received for publication June 30, 2004 . Accepted for publication October 13, 2004. 1 To whom correspondence should be addressed: acorzo@ poultry.msstate.edu. 226 levels at or above 0.16%. Exponential regression analyses showed that body weight gain improved as Trp increased, with maximum overall performance being attained at 0.17%, whereas chilled carcass weight maximized at 0.16% dietary Trp. Nitrogen retention measured using the same experimental feeds and sample birds at 48 to 49 d of age was unaffected by dietary Trp. Plasma uric acid, albumin, total protein, and aspartate-transferase measured concurrently with nitrogen retention were not altered; however, blood glucose was reduced in broilers fed 0.12% dietary Trp. Overall results suggest that broiler males need approximately 0.17% dietary Trp between 42 and 56 d of age, which closely agrees with the NRC (1994) recommendation of 0.16% Trp estimated from modeling for this feeding period.
have ranged from 0.075 to 0.25% (Almquist, 1947; Wilkening et al., 1947; Griminger et al., 1956; Klain et al., 1960; Dean and Scott, 1965; Boomgaardt and Baker, 1971; Oh et al., 1972; Sasse and Baker, 1973; Freeman, 1979; Smith and Waldroup, 1988) . Tryptophan inadequacy may become more acute when feeding prior-to-market diets, when energetic feedstuffs such as corn or wheat replace a proportion of the soybean or meat-and-bone meal to decrease the amount of dietary CP. Accompanying this reduction in dietary CP is a reduction in available Trp.
It is for this reason that NRC (1994) recommendations for 6-to 8-wk-old broilers, which are based on modeling, are in formal need of experimental validity, to ascertain actual growth recommendations for dietary Trp. To extrapolate an adequate dietary Trp level, evaluation of live performance and carcass characteristics determined the collective impact (42 to 56 d), and measurement of nitrogen balance and several related plasma measurements determined their single-day impact at midpoint (48 to 50 d).
MATERIALS AND METHODS
Commercial source Ross × Ross 308 male day-old chicks were randomly allocated into floor pens of an open-sided house having thermostatically controlled heating, curtains, and cross ventilation (32 pens; 35 birds/pen; 0.118 m 2 /bird). Each pen had fresh pine shavings and was equipped with one hanging feeder and one bell drinker. Chicks were vaccinated for Marek's disease, Newcastle disease, and infectious bronchitis at the hatchery, and at 12 d of age for infectious bursal disease. Birds received common crumbled and whole pellet feeds from placement to 21 d and 21 to 42 d, respectively, both of which were formulated to satisfy NRC (1994) nutrient recommendations (Table 1) .
At 42 d of age, bird number was equalized among pens (30/pen) and treatments were assigned to pens in a manner that provided a similar distribution of average bird weight at the start of experimentation. Treatments consisted of 4 dietary levels of Trp that equally progressed from 0.12% as provided by the basal feed to 0.24%. Feed ingredients used from 42 to 56 d of age were corn, soybean meal, corn gluten meal, and a human grade bone gelatin, and all were analyzed before formulation and after mixing and pelleting for protein-bound and supplemented amino acids according to the method of Llames and Fontaine (1994) . Basal diet formulation not only minimized Trp content (0.12%) but assured adequate levels of all other essential amino acids (NRC, 1994) . L-Tryptophan was added to the basal diet at the expense of an isonitrogenous equivalent of L-Glu. Feed and water were offered ad libitum, and lighting was continuous. Feed conversions were corrected for mortality. Mortality was categorized as sudden death syndrome, ascites, leg problems, other reasons, and their total. Experimentation was approved and monitored by the Auburn University Animal Care and Use Committee.
A nitrogen balance study was performed at the midpoint of experimentation (48 to 49 d) separate from influence on live production. At 42 d of age, 96 birds were removed from the broiler floor population such that their individual BW were within 5% of the total average. These birds were divided into groups that were heavier and lighter than the average, and then each group was placed in raised-wire floor batteries (2 birds/cage). Battery cages contained one trough waterer and one trough feeder. Room lighting was continuous, and temperatures were similar to those concurrently experienced by broilers that were maintained on the floor. Caged birds received each of the experimental feeds from d 44. Excreta were collected through d 48 to 49 and frozen at −20°C for later lyophilization. Nitrogen retention was calculated from Kjeldahl measurements on feed and excreta. On d 50, heparinized syringes were used to collect blood from the brachial vein, and plasma was frozen at −70°C for subsequent analyses of albumin, aspartate-transferase, glucose, total protein, and uric acid. At 56 d of age, all birds in floor pens were placed in transportation coops and held approximately 14 h before slaughter. Online processing was performed in a scaleddown version of a commercial plant that involved a 9-min kill line followed by a 7-min evisceration line. Resulting warm carcasses were static chilled in slush-ice for 4 h, and then depot fat was removed from the abdominal cavity. Quality defects were itemized by type and location. Experienced personnel removed fillets (pectoralis major) and tenders (pectoralis minor) using stationary cones. Incidence of blood contamination and myopathy of fillets and tenders were noted during measurement. Light reflectance (CIE scale) of fillets originating from the right side of the carcass were measured at the center of the skin side 24 h after removal from the carcass using a hand-held spectrophotometer (CM-2002) . Means corresponding to sudden death syndrome, ascites, leg problems, and other causes, due to tryptophan effects were not significant (P > 0.05).
Dietary Trp optimization was calculated using nonlinear regression by applying the equation:
where y denotes the performance parameter, a denotes the performance achieved with the basal diet, b denotes the maximum response, c denotes the regression coefficient (steepness of the curve), x denotes the cumulative content of the nutrient in the diet, and x b denotes the content of the nutrient in the basal diet (x − x b indicates the supplemented Trp level). Requirement estimates represent 95% of the maximum response.
RESULTS AND DISCUSSION
The level of dietary Trp calculated to be in each experimental diet as well as most other critical amino acids were in agreement with actual analyses (Table 1) . Live performance of broiler males from placement to the initiation of experimentation was favorable (Table 2 ; footnote 1). Subsequent 42-to 56-d pen environment when the progressive levels of dietary Trp were provided also enabled favorable live performance.
Resultant experimental data exhibited an atypical acuteness in the steepness of the response curves. For the most part, data showed that 0.12% dietary Trp severely affected broiler performance, whereas the next data point (0.16%) appeared to diminish deficiency effects. Perhaps, the complexity and acuteness of Trp metabolic functions could have very well interposed a factor such as behavior affecting any possible progressiveness in the dose-response of the variables measured. This behavior was ob- Evidently, live performance was greatly affected by behavior in feed intake of broilers fed the lowest Trp level, in agreement with previously documented observations (Lacy et al., 1982 (Lacy et al., ,1986 . Not only did these birds consume significantly less feed, but resultant BW gain and feed conversions were inferior by almost 40% and 100 points, respectively, compared with higher levels of Trp supplementation. However, abnormal behavior was not observed in birds receiving other levels of supplementation, and therefore live performance for these birds was favorable. As a result, maximum response for BW gain was achieved at 0.17% Trp. Although the nervousness of birds fed 0.12% dietary Trp was evident, mortality was low for all dietary treatments and incidence of sudden death syndrome (grand mean = 1.3; SEM = 0.69), ascites (grand mean = 1.2; SEM = 0.52), leg problems (grand mean = 0.4; SEM = 0.04), and other problems (grand mean = 0.7; SEM = 0.04) was not affected by Trp. Means within a column not sharing a common superscript differ (P ≤ 0.05). Depot fat removed from the abdominal cavity of carcasses without neck and giblets after 4 h of slush-ice chilling expressed on absolute and relative bases to its entire weight. Wings defects correspond to join dislocation, broken bones (humerus, radius, ulna), and bruised, respectively.
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Drumstick defects correspond to broken and bruised, respectively.
4
Breast defects correspond to skin problem and broken clavicle, respectively.
5
Defects on the back and thigh correspond to bruise, torn skin, and scratched skin, respectively. 6 Proportion of carcasses without major defects.
Dietary Trp at 0.12% of the diet reduced the weight and percentage of depot fat recovered from processed carcasses, as well as carcass weights (Table 3) . Chilled carcass weight increased in parallel with live performance, and was maximal at 0.16% Trp, but dressing percentage was unaffected. An observed reduction in abdominal fat amounts is probably not an indication of an increase in lean tissue but rather a consequence of depressed feed intake making lipogenesis a secondary task after survival.
An increase in the incidence of broken clavicles associated with the chilled carcass was observed in broilers fed the highest (0.24%) Trp supplemented level (Table 4) , but explanation for its occurrence is open to interpretation. All other defects because of stresses imposed by automated plucking and evisceration from online processing were unaffected by dietary Trp.
Weight and yield of fillets (pectoralis major) and weight of tenders (pectoralis minor) recovered from carcasses was reduced at 0.12% dietary Trp (Table 5 ). Meat quality Inreasing values relate to increasing lightness for L, redness for a, and yellowness for b. Incidence of myopathy ("green muscle disease").
of fillets and tenders in terms of blood contamination and incidence of deep pectoral myopathy, respectively, appeared to be somewhat predisposed with dietary Trp to its occurrence, but an explanation is elusive. Light reflectance changes in breast fillets' lightness (L*) progressively decreased with dietary Trp. Redness (a*) was reduced with 0.12% Trp, whereas yellowness (b*) was increased with 0.16% Trp only. This difference is, perhaps, of little consequence in terms of industry implications. Nitrogen balance experimentation solely relates to use of dietary protein by male broilers in cages between 44 and 49 d of age (Table 6) . No statistical responses were found for nitrogen retention parameters. However, trends of improvement in nitrogen use with increasing dietary Trp were observed when expressed as a percentage of nitrogen retained as well as standardized to unit of BW. Although no final assumption can be made, these parameters would seem to support those trends observed for BW gain, feed conversion, and carcass weight. Further investigation, however, is warranted to validate this re- Means within a column not sharing a common superscript differ (P ≤ 0.05).
1 Data represent 48 cages with 2 birds per cage. Data are given as observed means of the main factor contrasts because their interactions were not significant (P > 0.05).
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Body weight corresponds to groups divided to be above and below the total sample average: heavy = 3,603 g, and light = 3,337 g, SEM= 25.3. sponse. Body weight of broilers had an effect on nitrogen intake, but not on nitrogen retention. Blood plasma glucose from these birds had a linear increase (P < 0.018, R 2 = 0.21) with dietary Trp, whereas other blood plasma parameters evaluated were unaffected by dietary Trp. The increase in blood glucose may be an indication of metabolic adaptation for gluconeogenesis in broilers experiencing threatening conditions maintaining amino acid homeostasis. Values appeared to increase in parallel with previously described trends of nitrogen retention. Uric acid exhibited a numerical increase of what might be the remaining products of Trp catabolism. Broilers with heavier BW were observed to have a higher concentration of blood plasma total protein when compared with the lightest broilers, possibly associated with higher demand for lean tissue maintenance and turnover.
An overview of measurements that enabled a defined requirement for Trp, even though limited, indicates that the need for this amino acid is relatively similar for live performance and carcass traits ( Table 7) . Limitation of Trp proved to have acute deleterious consequences in live performance, carcass characteristics, and behavioral state of birds. All negative consequences of having a diet deficient in dietary Trp can be corrected with supplementation at 0.17% for male broilers from 42 to 56 d of age. Overall results are in close agreement with NRC (1994) recommendations for dietary Trp based on modeling.
Because dietary Lys was not in excess, a ratio of 0.20 with Trp can be calculated.
